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Abstract 
This paper presents the results of gas turbine simulations that were conducted to compare state-of-the-art and re-designed gas turbines operated 
on syngas, in Integrated Gasification Combined Cycles (IGCC) with pre-combustion CO2 capture. The effects of the desired carbon capture 
ratio on efficiency and power output were evaluated, for retrofit applications both with and without capacity building. The results indicate that 
re-designed gas turbines for syngas applications can achieve higher efficiencies than natural gas turbines that were modified for syngas 
applications. 
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1. Introduction 
Pre-combustion CO2 capture in Integrated Gasification Combined Cycle (IGCC) power plants is subject to increased 
industrial interest. Besides the implementation of the CO2 capture section, combustion of synthesis gas with varying hydrogen 
and carbon monoxide content forms a challenge in gas turbines. It is a crucial factor for successful commercial application of 
carbon capture and storage (CCS) in IGCC power plants. 
 
Gas turbines are essential in the efficient conversion of coal-gasification derived synthesis gas to electricity. It is well known 
that CCS reduces the overall efficiency of the power plant significantly while it also affects the total power output. In a 
liberalized market situation with constantly varying electricity prices and fluctuation of CO2 emission costs, it would be an asset 
that a power plant can adapt its degree of carbon capture. Furthermore, the ability to bypass the CO2 capture section increases the 
overall availability of the power plant. As a consequence the synthesis gas composition feeding the gas turbine will also vary 
significantly. Therefore the operating window of synthesis gas operated gas turbines (class F machines) were defined as function 
of the carbon capture ratio. 
 
For this purpose simulations were performed with the Gas turbine Simulation Program (GSP), which is jointly developed by 
Delft University of Technology and the National Aerospace Laboratory (NLR) in the Netherlands. GSP enables steady-state and 
transient simulations for performance analysis of various kinds of gas turbines, ranging from industrial applications to aircraft 
propulsion. Flow rate and composition limitations of synthesis gas were assessed with respect to compressor/turbine mass 
imbalance and required surge margin. During the simulations the maximum obtainable carbon capture ratio was defined as 
function of additional measures that allow gas turbine operation on synthesis gas with increased hydrogen content. Considered 
measures were synthesis gas dilution with steam and nitrogen, variable stator vanes and variable compressor bleed valves. The 
effect of these measures was also evaluated with respect to the gas turbine efficiency, power output and NOx formation. 
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2. Methodology and Analysis 
The objective of this paper is to study the influence of pre-combustion CO2 capture on the operation of gas turbines in IGCC 
power plants. For this purpose two types of gas turbines are compared: 1. Gas turbines that were originally developed for natural 
gas use but were modified for syngas application, and 2. Gas turbines that are designed for syngas application. The effect of 
capacity building is also evaluated, i.e. the amount of syngas that should be added to avoid de-rating of the gas turbine. The 
additional electricity consumption for CO2 separation and compression is not taken into account. The cases that are evaluated are 
displayed in Table 1. 
Table 1 Overview Cases 
 
Syngas turbine Modified natural gas turbine 
Retrofitted with CO2 capture Case A Case B 
Reftrofitted with CO2 capture 
and capacity building Case C Case D 
 
The syngas compositions at the inlet of the combustion chamber of the gas turbine were obtained from the AspenPlus model 
that was developed for a parallel paper presented at this conference [1]. Three measures were compared at gas turbine level with 
respect to effects on NOx formation in the combustion chamber, being steam and nitrogen dilution as well as water injection in 
the combustion chamber. The Turbine Inlet Temperature (TIT) can be controlled by either Variable Inlet Guide Vanes (VIGV) or 
air bleed valves. Figure 1 represents a simplified process layout of these measures. Integration between the gas turbine 
compressor and the Air Separation Unit (ASU) is not applied, to simplify start-up and shut-down procedures [2].  
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Figure 1 Simplified process layout 
The results of the AspenPlus simulations are used as input for the gas turbine model that is constructed within the Gas turbine 
Simulation Program (GSP) [3]. GSP is a gas turbine system simulation tool which allows adaptive modeling in a generic 
component based gas turbine environment. GSP allows both steady-state and transient simulations of both aircraft and industrial 
gas turbines. The gas turbine model in GSP is displayed in Figure 2.  
 
 
Figure 2 Gas turbine model in GSP 
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The following parameters were used as input for the gas turbine model: 
 
Rated design parameters: 
Inlet pressure drop:    10 mbar 
Nominal rotor speed:    3000 rpm 
Compressor bleed flow (turbine cooling):  12.0 % 
Turbine inlet temperature:   1561 K 
Exhaust backpressure:    30 mbar 
 
Cases A and C: 
Compressor ratio:    15.15 
Exhaust temperature:    828 K 
Exhaust mass flow:    524.0 kg/s 
Nominal power:    218.4 MWe 
Thermal efficiency:    41.2 % 
 
Cases B and D: 
Compressor ratio:    14.47 
Exhaust temperature:    836 K 
Exhaust mass flow:    533.8 kg/s 
Nominal power:    206.8 MWe 
Thermal efficiency:    39.0 % 
3. Results and Discussion 
The results indicate that both steam and nitrogen dilution have a similar effect on the gas turbine performance. However steam 
dilution is expected to result in lower NOx formation in the combustion chamber [4], hence only the results for steam dilution are 
discussed in this section. The VIGV’s also demonstrated to be more efficient to maintain the turbine inlet temperature than the 
use of air bleed valves. The changes in the gas composition as a result of increasing the carbon capture ratio are displayed in 
Figure 3 for Case A. The syngas characteristics at 80% capture fulfil gas turbine demands as summarised by Maurstad [5]. 
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Figure 3 Gas composition as function of the carbon capture ratio for Case A 
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The results for the retrofit cases A and B are displayed in Figure 4 and 5. The gas turbine that is designed for syngas 
applications clearly has a higher efficiency and hence a higher power output, in comparison with the natural gas fired gas turbine 
that is modified for syngas applications. The efficiency lines clearly display a smaller efficiency decrease for the gas turbine that 
is tailored for syngas, upon increasing carbon capture ratios. This is attributable to lower pressure ratio in Case B to maintain a 
sufficiently large surge margin in the compressor [2]. 
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Figure 4 Power output as function of carbon capture ratio (Cases A and B)      Figure 5 Efficiency as function of carbon capture ratio (Cases A and B) 
The results for the retrofit cases A and B are displayed in Figure 6 and 7. These figures clearly indicate that the overall capture 
ratio decreases compared with the initial boundary of 80%, due to the additional coal that is converted to syngas to maintain the 
same thermal input. The lower capture ratio is associated with an increased syngas mass flow, which results in increasing power 
outputs and efficiencies for Cases C and D, upon increased capture ratios. This implies that in case of capacity building, the 
thermal loss induced by the water-gas shift section does not need to be compensated completely to maintain the rated output.  
180
190
200
210
220
230
0% 10% 20% 30% 40% 50% 60% 70% 80%
Carbon Capture Ratio (mol%)
Po
w
er
 
O
ut
pu
t (
M
W
e)
Syngas GT (C)
Natural Gas GT (D)
      
37%
38%
39%
40%
41%
42%
43%
0% 10% 20% 30% 40% 50% 60% 70% 80%
Carbon Capture Ratio (mol%)
G
T 
Ef
fic
ie
n
c
y 
(-)
Syngas GT (C)
Natural Gas GT (D)
 
Figure 6 Power output as function of carbon capture ratio (Cases C and D)      Figure 7 Efficiency as function of carbon capture ratio (Cases C and D) 
Omission of the integration between the compressor of the gas turbine and the ASU results in NOx emissions that are 
approximately 7-8 times higher than existing emission regulations in the Netherlands (200 mg/nm3). Therefore a Selective 
Catalytic Reduction (SCR) of NOx should be implemented in the heat recovery steam generator. The presence of sulphur oxide 
can result in fouling ammonium(bi)sulphate due to the use of ammonia for NOx reduction. Novel reduction technologies are also 
able to use unconverted hydrocarbons instead of ammonia for this purpose. 
4. Conclusions 
The results of the simulations demonstrate that the approach of reducing the air inlet and compressor size for gas turbines that 
are re-designed for syngas applications, results in higher efficiencies and higher power outputs, in comparison with natural gas 
fired gas turbines that are modified for syngas applications. If a constant rated output is pursued with alternating carbon capture 
ratios, the thermal loss induced by the water-gas shift section does require full compensation by means of capacity building. The 
residual nitrogen from the ASU is not used for syngas dilution, which results in NOx emissions that exceed the emission 
limitations regulated by Dutch law. The trade-off between reducing the NOx emissions by primary measures (i.e. steam, nitrogen 
dilution) and the use of SCR will be evaluated in the near future. 
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